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Mitochondrial DNA sequence analysis is utilized in a number of fields including forensic science (1) (2) (3) (4) (5) (6) , population and evolutionary biology (7) (8) (9) , and anthropology (10) . The discriminatory power of the technique arises from the polymorphic characteristics of the hypervariable regions 1 and 2 located within the mitochondrial displacement loop (D-loop) (11) (12) (13) (14) (15) (16) . Typing of samples is made by comparing the polymorphisms found in HV1 and HV2 with those of a matrilineal reference in forensics, or from a known population databases in evolutionary biology or anthropology. Barring mutation, maternally related sequences will be identical due to the haploid inheritance of mitochondria (17) . The current forensic procedure requires the amplification and sequencing of both the HV1 and HV2 regions from the sample and a reference standard before any comparison may be made (5, (18) (19) (20) (21) . If the sequences are different, an exclusion may be made while identical sequences are used to support a match. Regardless of the outcome, the current sequencing procedure requires a considerable commitment in time and money before any decision regarding a match is made. Comparing two PCR products by DGGE has the potential to expedite the overall process by excluding non-matches without having to sequence the samples. An additional benefit is the unambiguous identification of heteroplasmic or co-amplifying contaminating sequences at levels of sensitivity generally unobtainable through conventional sequencing.
Denaturing gradient gel electrophoresis (DGGE) (22) (23) (24) (25) (26) (27) (28) , temperature gradient gel electrophoresis (29) (30) (31) , and the constant denaturant derivatives of those procedures including constant denaturing gel electrophoresis (32) (33) (34) and more recently constant denaturing and temperature-programmed capillary electrophoresis (35, 36) are all capable of resolving DNA sequences differing by a single polymorphism. The techniques exploit the sensitivity of specified regions of DNA, defined by sequence, to denature under specific temperature or chemical denaturant concentrations. As the temperature or concentration of chemical denaturants is raised, DNA dissociates in a discontinuous but predictable manner indicative of the melting of unique domains. In DGGE, DNA migrates through an acrylamide gel of increasing chemical denaturant until reaching the point where the denaturant concentration is equivalent to the melting temperature of the lowest melting domain within the fragment. At this point, strand dissociation occurs retarding further migration. Differential base-stacking energies between polymorphisms in an otherwise identical fragment impart small, but exploitable differences in the stability of the domain in which they reside. Those differences are sufficient to result in an unambiguous separation between two sequences on acrylamide gels. Most single base pair polymorphisms between two fully base-paired fragments differ in stability enough to be resolved from one another by the technique. However, the probability of resolving two dissimilar sequences is enhanced by "heteroduplexing," or mixing, heat denaturing, and allowing the two sequences to reanneal. If the two sequences are identical, only a single species will be present in the sample upon renaturation. If different, the sample will contain both the original fully base-paired homoduplexes and a pair of hybridheteroduplexes, composed of a single strand from each of the original homoduplexes but having a mismatch at the site of each polymorphism. Mismatch containing sequences are readily resolved by DGGE since they have large effects on the stability of the melting domains in which they reside (37, 38) . In forensic testing, a match between two samples may be obtained by heteroduplexing the reference and test sample (Fig. 1) . Identical sequences would yield a single matching band in both the mixed and independent sample lanes. Conversely, multiple bands in the mixed sample lane would indicate dissimilar sequences excluding a match, while heteroplasmy or co-amplifying contaminating sequences would be revealed by multiple bands in the independent sample lane.
Methods and Materials
PCR products used in this study were designed to be compatible with those products generated in mitochondrial casework in our laboratory. Since PCR amplification of degraded DNA samples is more successful when smaller regions are amplified (39, 40) , the standard PCR reaction for the HV1 region in our laboratory amplifies the region in two sections. Primer set 1 (PS1) is designed to amplify the proximal portion (bp 16024 to 16235) of HV1, and primer set 2 (PS2) the distal region (bp 16165 to 16365) (5) . The HV1 region proved quite amenable to DGGE in that the same primers used in casework could be modified by attaching a GCclamp to the primer and used directly for DGGE analysis. Of the two hypervariable regions in the mitochondrial D-loop, the HV1 region is more polymorphic, and therefore the most useful in terms of discrimination potential (41) . Primer sets PS1A (L15989GC/ H16258; 310 bp) and PS1B (L15989/H16258GC; 310 bp), which differ only by placement of the GC-clamp, and PS1C (L16014/ H16258GC; 285 bp), were all used for the 5Ј end of HV1. The use of PS1C was discontinued because it does not include the first ten bases of HV1. Primer set PS2 (L16144GC/H16410; 306 bp) amplified the 3Ј end of HV1. Amplification with either PS1A or PS1B, along with PS2 is sufficient to analyze the entire HV1 region (bp 16024-16365). Primer sequences can be found in Table 1 .
PCR
Total cellular DNA was prepared from whole blood samples using either the Purgene DNA isolation kit (Gentra, Minneapolis, MN), the QIAamp blood extraction kit (Qiagen, Santa Clarita, CA) according to manufacturers instructions, or by chelex extraction from blood cards as previously described (42) . Samples were amplified with either pfu polymerase (Stratagene, La Jolla, CA), AmpliTaq polymerase or AmpliTaq Gold polymerase (Perkin-Elmer Inc., Foster City, CA). The standard 50 L PCR reaction for pfu polymerase reaction contained 1X pfu buffer (200 mM Tris-HCL (pH 8.75), 100 mM KCL, 100 mM (NH 4 ) 2 SO 4 , 20mM MgSO 4 , 1% Triton® X-100, 1 mg/mL bovine serum albumin), 0.2 M primers, 0.2 mM dNTPs (Life Technologies, Germantown, MD), and 2.5 units of pfu polymerase. The standard AmpliTaq reaction contained 1X AmpliTaq buffer (10 mM Tris-HCl (pH 8.3), 50 mM KCl, and 1.5 mM MgCl 2 ), 0.2 M primers, 0.2 mM dNTPs, and 2.5 units of AmpliTaq polymerase. Amplifications with AmpliTaq Gold were identical except for a ten-minute heat activation step at 94°C prior to cycling. Amplification parameters for the PS2 reactions were denaturation at 95°C for 15 s, annealing at 60°C for 10 s, and extension at 72°C for 20 s. Thirty-five PCR cycles were run for PS2. Identical reaction conditions were employed for the PS1B and PS1C reactions. Amplification with the PS1A primer set often resulted in higher background (see Fig. 4A ) on the gels not seen with PS1B. A 62.5°C annealing temperature (forty cycles) was employed for those reactions with limited success in reducing that background. The problem could interfere with identifying low level heteroplasmy in lanes with significant background. PCR reactions were performed in a GeneAmp® 9600 thermal cycler (Perkin-Elmer, Foster City, CA). All 20-mer primers (Table 1) were synthesized on a Perkin-Elmer DNA synthesizer model 394. The 60-mer, GC-clamped primers, were purchased HPLC or acry- 
Denaturing Gradient Gel Electrophoresis
Parallel denaturing gradient gels (22 cm ϫ 17.7 cm ϫ 1 mm) were electrophoresed for 16-18 h at 3-4.5 V/cm submerged in a 30 L tank (lower buffer chamber) designed for DGGE (C.B.S. Scientific, Del Mar, CA). Buffer (40 mM Tris-acetate and 10 mM EDTA) was circulated continuously between upper and lower buffer chambers with a peristaltic pump, and maintained at a constant temperature of 60°C. The denaturant gradient concentration for parallel gels was between 40 and 50% denaturant for the PS1B, PS1C, and PS2 products and 37.5 and 47.5% for the PS1A products (100% denaturant was defined as 7 molar urea and 40% formamide). Gradient used for mobility transition gels (perpendicular denaturing gradient gels) was 0 and 80%. The gradients were poured with a manual gradient maker using gravity flow. Final acrylamide concentration was 6.5% acrylamide:bis-acrylamide (37.5:1) unless stated otherwise. Polymerization of gels was initiated by addition of 0.1% ammonium persulfate and 0.01% TEMED (N,N,NЈ,NЈ-tetramethylethylenediamine).
The narrow gradients used in this study are equivalent to only a 3.1°C temperature change between the top and bottom of the gel (26) . This range was chosen to maximize resolution of the homoduplexes, however, precise and consistent pouring of the gradient is critical. Sides of gel cassettes were taped with electrical tape and the outer two lanes on the gels were generally not used due to the electrical interference from the surrounding lower buffer chamber. Perpendicular denaturing gradient gels were poured as described above, with the exception that 0.04% TEMED was employed to expedite polymerization and the samples were loaded in a single well extending across the top of the gel. Perpendicular gels were run for 6 h at 4.5 V/cm. Each PCR product pair to be tested was mixed, heat denatured (10 min at 99°C), and allowed to reanneal by slowly cooling to room temperature for at least 15 min. Each independent sample was also heated to 99°C for 10 min and allowed to cool to room temperature in parallel. After reannealing, 2 L of loading buffer (50% glycerol, 1.5 mM bromophenol blue, and 100 mM EDTA) was added and the sample loaded onto denaturing gradient gels. Between 0.1 and 1 g of PCR product was loaded per well. Gels were stained with Sybergreen I (20 g/mL) for 30-60 min following electrophoresis. The relative proportion of each band in heteroplasmic samples was determined by integrating peak intensities from the scanned gel image on a Power Macintosh computer using the public domain NIH image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/).
Sequencing
Both the homo-and heteroduplex bands found in samples suspected of being heteroplasmic were excised from the gels, crushed with a spatula, and incubated in 100 L dH 2 0 for 16-18 h (overnight) at 56°C in a microfuge tube. Samples were centrifuged for 10 min at 5000 g to sediment the larger pieces of acrylamide and an aliquot was re-amplified as above for 35 cycles using non-GC-clamped primers (L15989 and H16258 for PS1A or PS1B, L16014 and H16258 for PS1C and L16144 and H16410 for PS2). The resultant PCR products were sequenced in a GeneAmp® 9600 thermal cycler using the Prism Ready Dye Terminator Cycle Sequencing Kit with AmpliTaq DNA polymerase, FS (Taq, FS; Perkin-Elmer/Applied Biosystems Division, Foster City. CA.) according to manufacturer's instructions. Excess dye-terminators were removed by spin-column centrifugation using AGTC cartridges (Advanced Genetic Technologies Corp., Gaithersburg, MD), and evaporated to dryness. Samples were re-suspended in 4 L of loading buffer (5:1 deionized formamide: 50 mM EDTA) and analyzed on an Applied Biosystems 373A Sequencer.
Results

Mobility Transition Gels (Perpendicular Denaturing Gradient Gels)
The melting profiles ( Fig. 2A,C,E ) of the native mitochondrial HV1 sequence and the PCR products used in the experiments were determined using the computer programs Poland (47) and Melt87 (26) . Each figure depicts the temperature at which each base pair in the sequence is in 50/50 equilibrium between a fully base-paired or non-base-paired, dissociated, configuration. Computer analysis of the region predicted that attaching GC-clamps to either of the complementary primers for PS1 (PS1A and PS1B) as well as to primer F16144 for PS2, would produce two fragments in which all heteroduplexes within the HV1 region may be expected to be resolved from their respective homoduplexes. Together, the two primer sets provide redundancy in the overlapping region (bp 16164 to 16238). Experimental verification of the computer-generated melt maps was obtained by running mobility transition gels (Fig. 2B,D,F) . Each fragment was electrophoresed through a 0 to 80% denaturant gradient running perpendicular to the direction of migration. Denaturation of distinct melting domains was reflected by a decrease in migration rate and retardation of the fragment in the gel. A single sigmoidal transition was obtained for each individual melting domain (except the highest melting domain) contained within a given fragment. Confirmation of the melt maps was obtained for each of the primer sets used in the analysis of the HV1 region. This region contains a more stable domain located in the middle (light line in Fig. 2A ,C,E) which is reflected in the higher stability of the intermediate domain of fragment PS1B and in the 5Ј end of the PS2 fragment (see legend Fig. 2) .
Analysis of Single-Base Pair Differences on Parallel Denaturing Gradient Gels
In all comparisons, fragments containing a mismatch were easily resolved from their respective fully base paired homoduplexes (Table 2 and Figs. 3 and 4) . This alone is enough to exclude a match between two sequences. However, analysis of the data generated with the two PS1 primer sets revealed profound differences in the resolution of the fully base-paired homoduplexes, four of which are shown in Fig. 5 . The positions affected were all located toward the Fig. 2A,C,E) and mobility transition gels (Fig. 2B,D,F (Fig. 2D) (Fig. 2F) (Table 2A) Fig. 3B ) is heteroplasmic at position 16309 (AϩG) with the two sequences present at equivalent concentrations. Lane assignments for each gel are as follows: Figure 3A 3Ј end of the PS1 fragments and included polymorphisms at positions 16184, 16209, 16213, 16220, and 16223. In every case, the homoduplexes that were not resolved with the PS1B fragment were resolved with PS1A (Fig. 5) . Analysis of the melt maps and mobility transition gels for the two fragments reveals that all positions were located within the intermediate domain of PS1B and the lowest melting domain for PS1A. Dissociation of the lower melting domain (T m Ϸ 70°C) in PS1B retards migration such that the position at which the intermediate domain (T m Ϸ 72°C) would denature is not attained. In contrast, with the PS1A fragment all homoduplexes migrate to the same position in the gel before denaturation occurs. Failure to separate sequences containing polymorphisms in regions other than the lowest melting domain of a sequence has previously been well documented (37, 38) . However, it is important to emphasize that the heteroduplexes were resolved from the homoduplexes in each case. Those homoduplexes existing within the overlapping region between the primer sets which remained unresolved using the PS1B fragment were also consistently unresolved with the PS2 fragment (we were eventually successful in resolving the individual homoduplexes differing at position 16213 after a 48 h run in a 40-70% gradient using the PS2 fragment). Although more subtle than the clearly defined domains in PS1B, the PS2 melt map and mobility transition curve reveal a slightly higher stability at the 5Ј end (again reflecting the higher stability of the middle part of HV1 region) relative to the 3Ј end. In this study, the only homoduplexes that remained unresolved under all conditions were those differing by conservative transversions at positions 16239 and 16318. Higuchi et al. (48) (Fig. 2) (Fig. 2) . All homoduplexes that remained unresolved with the PS1B fragment, were resolved with the PS1A fragment. Lane assignments for both panels of (the homoduplexes for all other transversions listed in Table 2 were resolved which is also consistent with Higuchi et al.'s findings).
FIG. 2-Computer generated melt maps (
of single base polymorphic differences analyzed in the pairwise comparison study (bold) or heteroplasmic samples (bold and underlined) identified within the mtDNA HV1 region (16024 to 16365). Sample pairing, position, polymorphism, and fragments analyzed are listed in
FIG. 3-40 to 50% parallel denaturing gradient gels of the PS2 fragment with each comparison differing by a single base pair at the indicated positions (polymorphisms are listed in Table 2). Each mixed sample pair is flanked by the individual samples in the adjacent lanes. In the mixed sample lanes the two lower bands represent the more stable, fully base paired homoduplexes and the upper bands the mismatch containing heteroduplexes. Sample B4 (lane 4,
Separation of the homoduplexes is especially important for identifying positions of heteroplasmy. Our current procedure requires that each band be re-amplified after excision from the gel. Re-amplification of sequences containing a mismatch produces a mixed sequence at the position of the mismatch (as shown in Fig. 7) , as does re-amplification of a band containing two unresolved homoduplexes. Ideally, unambiguous identification of a heteroplasmic position requires discrimination between bands. Sequencing both strands from one of the heteroduplex bands directly after elution from the gel would greatly simplify the procedure permitting identification of the heteroplasmic position based upon the difference in sequence between the two strands. Furthermore, it would be better to retest the original sample in isolation rather than to excise and re-amplify a suspected heteroplasmic band from a comparison gel due to the potential for cross-contamination.
Analysis of Multiple Base Pair Differences on Parallel Denaturing Gradient Gels
Multiple mismatches, which may be found in comparisons of unrelated individuals, or from contamination, would be expected to further destabilize the helix resulting in an increased resolution between homo-and heteroduplexes. Sequences differing by two, three, four, and five base pairs are shown in Fig. 6 (see also Fig. 4) . Consistent with their lower stability, heteroduplexes containing greater than one mismatch denature earlier in the gradient relative 
(T/C), 16311 (T/C); B20/CRS, 16193 (C/T), 16219 (A/G), 16362 (T/C); B21/CRS; 16172 (T/C), 16223 (C/T), 16311 (T/C), 16319 (G/A); B22/CRS; 16172 (T/C), 16192 (C/T), 16256 (C/T), 16270 (C/T), 16291 (C/T).
to those containing only a single mismatch and are well resolved from their respective homoduplexes. The large destabilization imposed by multiple mismatches results in the heteroduplexes denaturing very shortly after entering the gel in 10% gradients, often with no resolution between the individual heteroduplex sequences. The 20% gradient of Fig. 6 allows for resolution of all bands and would be preferred over a 10% gradient when no prior knowledge as to the number of polymorphic differences exist between two sequences. The broadened bands seen with the heteroduplexes in comparisons of sequences differing by four and five polymorphisms are most likely the consequence of the bands not fully focusing within the time frame of the gel run. However, we occasionally see a more severe form of "band broadening" with heteroduplexes differing by multiple polymorphisms. Imposing a second, co-linear acrylamide gradient in the gel was recently reported (49, 50) to be effective in resolving band broadening which in some cases is severe enough to spread the band out over a distance of about a centimeter on the gel.
Analysis of Heteroplasmy
PCR product from DNA extracted from bone samples of Georgij and Nicholas Romanov, both of whom were previously shown to be heteroplasmic at position 16169 (CϩT) by sequencing (51, 52) were analyzed by DGGE (Fig. 7) . Additional heteroplasmic samples are shown in Lane 4 of Figure 8 displays a mixture experiment designed to mimic heteroplasmy in which two sequences differing by a single base pair (position 16126, TϩC) were mixed at the indicated ratios prior to amplification. Sequences present at concentrations as low as 1:100 may be identified, however, dilution by mass action with the complementary strands of the major haplotype precludes detection of an independent homoduplex band for the minor haplotype. Similarly, the homoduplex band for the 16192 (T) sample is present at much lower concentration than that for the 16192 (C) haplotype (Lane 5, Fig. 4B ). Previous sensitivity estimates for detecting heteroplasmy from sequencing alone is 10-20% (53) . In the course of this study, heteroplasmy was found twice in unrelated individuals at positions 16093 (TϩC), 16172 (TϩC), and 16309 (GϩA), and once at the other positions indicated in Table 2 . Only one was a transversion (position 16318, AϩT). In each case, except for the Romanov's samples and sample R1 (sample consumed), at least two separate extractions, amplifications, and DGGE analyses of the sample were performed.
Discussion
The DGGE assay described constitutes a conceptually simple, accurate, and inexpensive comparative test for determining whether two sequences match in the HV1 region of the mtDNA Dloop. A second benefit is the unambiguous identification of co-amplifying contaminating, or heteroplasmic sequences in the independent sample lanes. This later capacity cannot be overstated due to the increased emphasis on contamination of evidentiary material in the legal arena and in mitochondrial analysis of ancient remains. Although reagent blanks and negatives are effective in identifying contamination arising systematically, they are not effective at identifying samples which are contaminated in situ, or that which may occur sporadically during sample processing. Although not absolutely required, verifying the homogeneity of the actual sample tested is arguably the more germane control. Sequence data obtained from mixed samples is difficult to interpret because more than one peak is present at the different polymorphic positions between the two samples. Since unrelated individuals differ by an average of 4.59 nucleotides (Caucasians) (41) in the HV1 region, and excluding length-based heteroplasmy in the polycytosine "Cstretch" region, heteroplasmy is rarely seen at more than one position (for exceptions, see , the number of polymorphisms existing between two sequences may aid in discriminating between contamination or heteroplasmy.
Sequence-based heteroplasmy in the HV1 region is important to identify due to the potential increase in the discriminatory potential (as evidenced in the Romanov case), and to eliminate any potential confusion in determining the sequence for the sample. Previous researchers have found an increase in the occurrence of heteroplasmy in the mtDNA D-loop relative to coding regions of the mtDNA genome (56) , and it may be a more common phenomena than has previously been thought (57, 58) . Typically, sequence-based heteroplasmy is seen as a single mixed-base position in an otherwise clean sequence. However, the call can be missed due to complications imposed by the difference in concentrations between the two haplotypes (53), or by the differential incorporation of nucleotides by the polymerases used in cycle sequencing (59) .
A second type of heteroplasmy more commonly encountered in casework is length-based heteroplasmy formed by nucleotide insertions in the polycytosine "C-stretch" region (bp 16184-16193) (Ivanov et al. 1996) (60) (61) (62) (63) . Sequence analysis results in good data for all nucleotides proximal, in relation to the sequencing primer, and poor distal to the region, regardless of which strand is sequenced. Due to the difficulties in obtaining reliable sequence data for the region, the number of insertions in HV1 is usually not called in casework. Analysis of samples known to display length-based heteroplasmy results in a characteristically complex banding pattern on denaturing gradient gels (data not shown) due to the large number of heteroduplex combinations which may be formed during the PCR reaction and dilution by mass action of those sequences present at lower concentrations. Absolute verification for the resolution of all six known potential length variants (61, 62) in this region by DGGE would require testing the isolated, individual sequences (which were unavailable). In general, we have found it impractical to analyze individual species from samples containing more than three sequences.
Including the heteroplasmic samples identified in this study, we have analyzed 55 pairs of sequences differing by a single base pair at separate sites within the 342 base pair HV1 region. We have not found any that we were unable to discriminate between. Using the related technique of temperature gradient gel electrophoresis, Ke and Wartell (30, 64, 65) have measured the relative stability differences of single base polymorphisms, single and tandem mismatches, and single base bulges in a 373 base pair sequence within four different defined nearest neighbor environments. The difference in stability of a single polymorphism between two otherwise identical sequences ranged between 0-1.7°C, with G᭹C and C᭹G base pairs more stable than A᭹T and T᭹A base pairs. Single base pair mismatches lower the stability with respect to the fully basepaired homoduplexes by 1-5°C, with both composition and sequence context of the mismatch affecting stability. Single-base bulges, which may be expected to arise from hybridization of different length variants in the "C-stretch" region, lower stability by 2-3.6°C. The sharp focusing of bands on the gels, resulting from the progressive denaturation of sequences at their T m , allow a separation of 1-2 mm to be obtained. In this study, a 10% difference in gradient concentration, equivalent to 3.1°C (26) , was imposed over a 22 cm gel or 0.14°C/cm. Considering the temperature stability differences found by Ke and Wartell, and the stringency of the gradient employed, it is difficult to envision a sequence containing a mismatch within the lowest melting domain in any of the fragments analyzed not being resolved from its respective homoduplex. However, anomalous migration of sequences in DGGE has been previously reported, usually associated with non-␤-form DNA structures (66) (67) (68) or band broadening associated with fragments containing a low domain flanked by two higher domains (69) . While we have seen no evidence of non-␤-form structures in the PCR products analyzed, we do see band broadening in the heteroduplex bands differing by multiple polymorphisms which is occasionally severe, but in no way precludes discrimination between samples.
In conclusion, DGGE can improve the overall throughput of lab- oratories involved in mtDNA testing by identifying matching sequences prior to sequencing and provide a more definitive control for the identification of heteroplasmy or co-amplifying contaminating sequences than is presently available.
